Considerable amount of work has been carried out on self-assembled quantum dots and wires due to the attractive physical properties expected from these nanostructures. 1 In particular, InP-based InAs nanostructures are also interesting for their ability to work as light emitters in the 1.30-1.60 m long-wavelength region. [2] [3] [4] [5] [6] [7] In contrast to the InAs/ GaAs system, the formation process of InAs nanostructures on InP substrates is characterized by the lower strain ͑ϳ3.2% ͒ between InAs and the buffer layers, and complicated by possible chemical alloying with the substrate, 2, 3 anisotropic stress relaxation, 7 and the large number of possible materials for the buffer layer. [2] [3] [4] [5] [6] [7] Experimental results suggest that stress relaxation 7 and/or the chemical composition 4 of the buffer layer ͑InP, InAlAs, or InGaAs͒ have key roles in configuring the final shape of the InAs nanostructures. However, the mechanism associated with the formation of a specific surface morphology of nanostructures still remains under discussion. 8 In this letter, we analyze the role of InGaAs/ InP buffer layers grown under different conditions on InAs nanowires ͑NW's͒ shape and size. Our results suggest that InGaAs compositional modulation disrupts the formation of InAs NW's due to the associated periodic stress field. When the modulation is not present, strain relaxation in InAs/ InGaAs NW's is very similar to the InAs/ InP case, suggesting a minor role for using a different buffer layer.
The samples were grown on vicinal ͑2°off towards ͗111͘A͒ ͑001͒InP substrates by chemical beam epitaxy. A 120 nm thick InP buffer layer was deposited followed by the nominally lattice-matched InGaAs film, with thickness varying between 10 and 100 nm and a planar surface for the subsequent InAs growth at 490°C and 2.4 Å / s. The main differences regarding sample structure are due to InGaAs thickness ͑12 nm for sample B and 100 nm for samples C and D͒ and As 2 overpressure during InGaAs growth ͑a threefold overpressure was used for sample D as compared to B and C͒. Sample A is a reference sample where InAs was deposited directly on InP. All samples were cooled down in vacuum in order to preserve the actual nanostructure shape 9 and analyzed by in-air atomic force microscopy ͑AFM͒ and cross sectional transmission electron microscopy ͑TEM͒ using a JEM 3010 URP 300 kV. Nanowire strain relaxation was investigated by the grazing incidence x-ray diffraction ͑GIXD͒. 10, 11 We have used GIXD radial and angular scans under anomalous scattering conditions 12 in order to evaluate the presence of Ga within the InAs nanostructures. The difference in intensity between radial scans for the ͑2-20͒ reflection taken at 10 keV ͑I 2 ͒ and at the K-edge absorption energy for Ga, E = 10.367 keV ͑I 1 ͒ provided the Ga concentration in the nanostructure, 12 according to
where the In and As scattering factors f are constant at the energies used, C In + C Ga = 0.5 and C As = 0.5. Subsequently, angular scans at the Ga K-edge energy as well as TEM and AFM images [11] [12] [13] allowed us to create a profile of the actual Ga concentration along the height of the InAs NW. Figure 1 shows AFM topographies of the InAs NW's. We can observe that InAs/ InP wires ͓Fig. 1͑a͒, sample A͔ run quite uniformly along the ͓1−10͔ direction with base width ϳ32 nm. However, for sample B, where InAs was grown on an ϳ12 nm thick InGaAs film ͓Fig. 1͑b͔͒, the NW's are usually shorter, with a few dots showing up on the surface. In this case, the NW base width is ϳ45 nm. The shape of the NW's is altered even further when the thickness of the InGaAs film is increased to 100 nm ͑sample C͒, as shown in Fig. 1͑c͒ . In this case, the NW shape anisotropy is also altered, and tilted structures-as compared to the previous images-show up on the surface. However, Fig. 1͑d͒ shows that it is possible to regain InAs/ InGaAs shapes similar to InAs/ InP ͑sample D͒. In this case, the InGaAs thickness is also ϳ100 nm, and the only difference in growth conditions is the larger As 2 overpressure. The InAs NW's are The formation of InAs NW's on InP has been attributed to InP surface anisotropy 14 and to anisotropic stress relaxation linked to the P-As interface. 7 However, InAs NW's on InGaAs/ InP have already been reported. 5 In our case, we observe that the shape and direction of the NW's on the surface depends on the buffer layer thickness, suggesting the role of a volumetric effect. This effect could be attributed to different elastic properties of InGaAs and InP films. Thin InGaAs films would not hinder completely the presence of the InP substrate underneath. However, elastic parameters for these materials are very similar and could not explain the observed behavior. Moreover, this effect would not be suppressed by changing InGaAs growth conditions, as shown in Fig. 1͑d͒ . Figure 2 shows g = ͑−2−20͒ dark field TEM images of samples B, C, and D. An intensity contrast in the InGaAs layer can be seen in Figs. 2͑a͒ and 2͑b͒ ; this contrast is periodically more uniform and clear along the layer for the thicker InGaAs film. These results can be associated with the compositional modulation within the InGaAs film, most likely due to the low As 2 overpressure used. [15] [16] [17] A twodimensional periodic pattern along the ͓100͔ and ͓010͔ directions for In and Ga rich regions has been reported for compositionally modulated III-V layers. [16] [17] [18] If this is the case for our InGaAs films, the modulation strain field will be rotated 45°from the ͓1−10͔ direction of the InAs/ InP NW's long axis.
14 From TEM, we estimate the period of the compositional modulation inside the InGaAs layer of samples B and C in the range of 45-50 nm. These values are similar to the NW base width for these samples. Moreover, we can observe in Fig. 1͑c͒ that NW's are more discontinuous and often oriented at about 45°out of ͓1−10͔ direction. Larger group V overpressures usually hinder the formation of compositional modulation in ternary layers. 16 Indeed, the TEM image of sample D ͓Fig. 2͑c͔͒ shows only the contrast usually associated with the strain field of the InAs nanostructures.
The periodic strain field associated with the modulation may disrupt the formation of InAs NW's since it represents an extra driving force for In diffusion along the surface. As a result, InAs accumulates on top of In-rich regions on the InGaAs surface, especially for the first few layers, which will eventually determine the onset of three-dimensional islanding. For thin InGaAs films, where the stress field is weaker, the main result is the altered aspect ratio of InAs NW's, with a larger base width. For a thicker InGaAs buffer layer, however, both shape and direction of the nanostructures on the surface are affected. Figure 3͑a͒ shows the anisotropic strain relaxation for NW's grown on InGaAs and InP. We have plotted the strain hkl = ͑d InAs − d hkl ͒ / d InAs as a function of the height of the NW along both the ͓220͔ and ͓2−20͔ directions. The height values in the figure were calculated considering the NW base width ͑obtained by GIXD and TEM͒ and ͕114͖ sidewall facets, 11 still preserved when InAs is deposited on InGaAs. The curves for samples A and D are very similar. The InAs NW grown on InGaAs ͑sample D͒ relaxes slightly faster than for InAs/ InP ͑sample A͒. Anomalous scans taken at the Ga K-edge energy show no sign of Ga interdiffusion from InGaAs into the InAs NW's for sample D ͓Fig. 3͑b͔͒. These results suggest that the InAs strain relaxation should not strongly depend on the buffer material.
A completely different result, however, is obtained for sample B, where the shape of the NW's is still preserved in spite of the compositional modulation observed in the InGaAs buffer layer. In this case, GIXD data taken at 10 keV ͓Fig. 3͑a͔͒ indicate that strain relaxation-especially for the ͓220͔ direction-is quite different from the previous case. However, anomalous radial scans, shown in the inset of Fig.  3͑b͒ , indicate a non-negligible Ga concentration within the InAs NW's for this sample. The Ga profile obtained using angular scans is shown in Fig. 3͑b͒ . This result suggests that interdiffusion takes place due to the extra strain field provided by compositional modulation. Once a nanometer-sized, two-dimensional periodic strain field is built in the buffer layer, strain-driven kinetic processes can take place during InAs deposition. The relatively fast growth rates for InAs used here should not account for Ga surface diffusion as the origin of the observed behavior. Keeping in mind that the NW long axis should be rotated with regard to the modulation pattern, 17 we can assume that sections of the InAs NW's are deposited on Ga-rich regions of the buffer layer, thus providing the driving force for Ga interdiffusion. The Ga profiles shown in Fig. 3͑b͒ reflect an average of the NW strain field probed by GIXD measurements. If we then recalculate the strain curve along the height of the nanostructure, assuming a Vegard law for the In͑Ga͒As lattice parameter at each isostrain plane, we obtain the dashed curve, shown in Fig. 3͑a͒ , where hkl = ͑d In x Ga 1−x As − d hkl ͒ / d In x Ga 1−x As . We can notice that the actual strain for sample B is very similar to those from samples A and D, small differences likely related to the NW shape variations. Also, in the case of sample B, local Ga variations must exist within the NW's, which cannot be probed by GIXD.
In summary, the formation of InAs NW's on InGaAs/ InP, under certain growth conditions, depends on the thickness of the InGaAs buffer layer. Our results suggest that compositional modulation in the buffer layer disrupts nanowire formation and may lead to Ga interdiffusion. The strain relaxation profile along the nanostructure, however, is very similar to the InAs/ InP case if the modulation is not present in the buffer layer or the actual Ga concentration is considered. Our results show that the introduction of a ternary compound in between InAs/ InP does not significantly affect InAs NW stability if proper parameters are chosen for the growth. This nanostructure stability is a suitable characteristic for band gap engineering and device applications.
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